Few prior studies have examined the potential health risks from transmission of enteric parasites via aquifers contaminated by wastewater from onsite systems. A cross-sectional study of 600 residents in households served with either onsite wastewater systems and private wells or city sewer/water systems in three different sites in central New Mexico compared serological responses to Cryptosporidium, a common waterborne infections agent. Study participants completed a short selfadministered questionnaire with questions on demographic characteristics, characteristics of the onsite wastewater system and private well, and common risk factors associated with cryptosporidiosis. A sample of household tap water was collected, as well as a blood sample from each study participant to measure IgG responses to antigen groups for Cryptosporidium. Logistic regression analysis showed a significant association between having an onsite wastewater system and private well and the 27-kDa marker for Cryptosporidium in the River Valley site after adjusting for covariates (OR ¼ 1.98; 95% CI ¼ 1.11-3.55). This study, together with one prior study, suggests that the presence of onsite wastewater systems and private wells might be associated with an increased risk of Cryptosporidium infection.
INTRODUCTION treatment of liquid waste. Under optimum conditions, an onsite wastewater system will remove 99.9% of viruses and other wastewater constituents (Van Cuyk et al. ) . However, a US EPA review of studies found failure rates ranging from 10 to 20%, resulting in groundwater contamination (US EPA ). Furthermore, detailed information on soil characteristics in areas with onsite systems is generally unavailable.
Data from the United States Geological Survey estimate that groundwater supplies almost 50% of the American population with drinking water; groundwater was the primary source of the water for 98% of people using private wells (Hutson et al. ) . The growing use of onsite wastewater systems and the reliance on groundwater sources for drinking water has raised concerns among local and state public health agencies, the US EPA, and the Centers for Disease Control and Prevention over the potential health effects of these trends and the risks to sensitive populations such as children and those with compromised immune systems (ASTHO ).
The increased population growth outside urban areas has increased the pressure on rural and semi-urban areas to absorb more housing. Because of greater distances between houses in rural areas and the costs of building new centralized wastewater treatment plants, developers and home-owners often rely on relatively inexpensive onsite wastewater systems. Very often the homes served by onsite wastewater systems are also served by private wells drilled on the same building lot. These private wells are not regulated by the US EPA under the Safe Drinking Water Act. State and local regulations may regulate well construction, but not water quality. State and local regulations for locating wells near sources of contamination may specify minimum distances (at least 50 feet) between the well and onsite wastewater system. This is seldom adequate and can be especially inadequate in certain soils that facilitate the rapid movement of pathogens from the onsite wastewater system to the well.
Unfortunately, soil characteristics that might predict protection from pathogens near drinking water wells remain either unknown or unexamined during the well drilling process. Well water testing generally only examines bacterial indicators of contamination. Since the indicator bacteria are much more fragile than parasites, the absence of indicator bacteria may provide little useful information about the risks of parasite contamination.
Reviews of waterborne outbreaks in the United States have suggested that groundwater contamination is a very common mode of parasite and virus transmission (Barwick This is likely to be especially common in sparsely populated rural areas where few infections occur.
For viral gastrointestinal illnesses, enteric viruses may be transmitted by either direct transmission, such as food or water contamination, or via person-to-person transmission.
Since a large fraction of viral gastrointestinal agents are transmitted person-to-person (Morens et al. ) , it is often difficult to identify the food or waterborne sources for these viral agents. In contrast, the parasite Cryptosporidium does not appear to be commonly transmitted person-toperson. One study of a 1993 Milwaukee, Wisconsin Cryptosporidium outbreak found that only 5% of Cryptosporidium infections among adults may have been due to person-toperson transmission (MacKenzie et al. ). A second study estimates secondary transmission rates were slightly higher at 10% (95% CI ¼ 6-21%) (Eisenberg et al. ) .
Therefore, it is possible to use serological prevalence of Cryptosporidium antibody to identify prior food, waterborne, or other routes of Cryptosporidium infections. We believe that Cryptosporidium antibody levels, an indicator of prior infection, may effectively identify populations exposed to prior oocyst contamination of food or water, especially when the level of oocyst contamination may be low.
No prior studies have compared the risks of prior Cryptosporidium infection among individuals having both an onsite wastewater system and a private well compared to users of municipal drinking water systems. In this study, we examined whether living in a household with an onsite wastewater system and private well was associated with increased serological responses to Cryptosporidium. An elevated serological response to Cryptosporidium was used as an indicator of exposure to and/or infection by this common waterborne pathogen. A serological test for this pathogen is readily available and has already been validated (Frost & Craun ; Frost et al. a, b, , ) . We also analyzed the drinking water for common indicators of contamination (fecal and total coliform, enterococcus, and coliphage). We hypothesized that study participants who were living in households with onsite wastewater systems and private wells would be more likely to have elevated serological responses compared to those living in households using city sewer and water systems because of increased exposure to Cryptosporidium oocysts.
METHODS
The study design was a cross-sectional study of 600 residents in households served with either onsite wastewater systems and private wells or city sewer/water systems in three different geographic sites in the greater Albuquerque, New Mexico area. The three included: (1) a semi-rural area on the river valley floor of the Rio Grande in north and north-central Albuquerque (River Valley), (2) a more urban area on an alluvial plain in northeast Albuquerque (Alluvial Plain), and (3) a semi-rural area with limestone soils in the Sandia and Manzano Mountains foothills east of Albuquerque (East Mountains). Households were selected to participate based on whether they used an onsite wastewater system and a private well (exposed group) or city sewer/ water systems (unexposed group). The River Valley and Alluvial Plain sites included a mix of households using these two types of systems. For these two sites, the exposed and unexposed groups lived in the same geographic areas.
Unfortunately, there were no municipal sewer and water Study participants were recruited using neighborhood association meetings, flyers, advertisements in local papers, mailings to residential addresses in the study area, and telephone calls. Addresses and phone numbers for residences in the study areas were purchased from a commercial vendor. Individuals who expressed interest in participating in the study were screened for eligibility. Criteria for eligibility to participate included being at least 18 years of age, living in the site area for at least 1 year, drinking tap water which was not filtered or had not been treated by reverse osmosis, and being in overall self-reported good health. Consent was obtained from individuals eligible to participate in the study using the protocol approved by the University of Two sterile water bottles, a 500 mL and a 1 L bottle, were used for each sample. The water was collected from either the kitchen faucet (preferable) or an outside hose bib. The water was allowed to run for 3-5 minutes at a rate that flushed the lines but did not cause splash back onto the faucet. After the flush time had elapsed, the bottles were Once the water results were available, each household was sent a letter stating whether their total coliform results showed a presence or absence of bacteria. If total coliform bacteria were present, the letter also included information on how to chlorinate the well and telephone numbers for the county environmental health office.
Blood samples
Blood samples were collected using vacutainers to collect a 5 mL volume of whole blood. Blood was allowed to clot at room temperature for 30 minutes and was centrifuged according to American Society for Clinical Pathology protocols. The serum was transferred to a cryotube for frozen storage and shipment. Sera samples were not labeled with names of individual study participants.
Sera were analyzed by immunoblot to measure IgG serological response to the 15/17-kDa and 27-kDa antigen groups. This method, which uses the miniblot format, has been described in detail elsewhere (Frost et al. a, b) . 
RESULTS
The demographic characteristics of the study participants from the five groups are shown in Table 1 . A significantly higher percentage of participants with onsite wastewater systems/private wells living in either the River Valley site or the East Mountains site were men compared to those using city sewer/water systems (p ¼ 0.008 and p ¼ 0.010, respectively).
A significantly higher percentage of participants with onsite wastewater systems/private wells living in the Alluvial Fan site were over the age of 40 years compared to those using city sewer/water systems (p ¼ 0.001).
Information on risk factors for cryptosporidiosis and gastrointestinal illness was also collected from the questionnaire ( Table 2 ). The percent of participants reporting that they had a specific risk factor varied considerably. For example, only 1.0-4% of participants reported drinking untreated water away from home, whereas 85.8-93.8% of participants reported handling pets. There were significant differences among the five groups in the percent of participants reporting handling young pets (p ¼ 0.001), handling livestock (p ¼ 0.001), swimming or wading in a lake or stream (p ¼ 0.011) and traveling outside the USA in the past 12 months (p < 0.001).
The percent of participants reporting that they had had diarrhea lasting 4 or more days in the past 2 months ranged from 4.5% in Alluvial Fan participants on city systems to 11.9% in River Valley participants with onsite wastewater systems/private wells (Table 2) . Approximately one-half of all participants reported that they had had at least one gastrointestinal illness in the past year, ranging from 46.9% in East Mountain participants to 59.6% of River Valley participants on city systems. The differences in percentages of diarrhea and gastrointestinal illness did not differ among the five sites.
The results of the water analyses are reported in Table 3 as the percent of samples testing positive for total coliforms, fecal coliforms, enterococci, and coliphage. One water sample was collected from each household during the study time period. The range in colony counts is also shown in Table 4 . A total of 83 samples tested positive for total coliforms, 22 tested positive for fecal coliforms, 11 tested positive for enterococci, and 1 tested positive for coliphage. than participants using city sewer/water systems (p ¼ 0.048).
However, there were no significant differences in the percent of participants with a strong response to the 15/17-kDa antigen between participants using onsite wastewater systems/ private wells and those using city sewer/water systems in any of the groups. It should be noted that response to the 15/17-kDa antigen is shorter lived and returns to background levels in several months following an infection, whereas the response to the 27-kDa antigen remains elevated for 9 months or longer (Muller et al. ) . Therefore, using the 27-kDa increases the likelihood that differences will be detected between the two exposure groups.
The relationship between well contamination (measured by any positive test for an indicator microorganism) and a strong serological response to the 15/17-kDa and 27-kDa markers were also examined (Table 5 ). There was no significant association between having a contaminated well and showing a strong response to either of the markers.
Logistic regression models were completed to determine whether having an onsite wastewater system/private well was associated with a stronger serological response for each of the antigen groups after controlling for other confounding risk factor variables ( Participants residing in the Alluvial Fan had significantly Again, both dropped out of the final analysis.
DISCUSSION

According to the American Water Works Association
Research Foundation (AWWA) an American family of four ). It is of interest to note that no association was observed between well contamination and a strong response to either serological marker for Cryptosporidium.
The results of this study may be limited since the three geographic sites were all located in the arid Southwest where rainfall is concentrated during the monsoon season in the summer. However, each site was selected to represent a different geologic stratum (river valley, alluvial fan, and limestone formations). Information on soil tests that were completed for approval of the onsite wastewater systems by the county was also not available from the county regulatory agencies.
The cross-sectional design of the study was not able to take into account the temporal association between exposure and outcome. Information on type of wastewater treatment system, source of water, and bacterial and viral contaminants in the water was collected at the same time as the blood samples. Thus, it was not possible to track the participants' serological responses forward in time.
However, the two Cryptosporidium antigens are indicative of past exposure history, rather than current history. The 15/17-kDa marker remains elevated for a relatively short period of time (several months), whereas the 27-kDa marker remains elevated for 9 months or longer. The fact that we observed a significantly increased odds ratio for the 27-kDa marker may be a reflection of a chronic, longterm exposure to contaminated well water. Our information on well water contamination was also based on one point-intime sample. Sequential sampling of 60 wells has shown that seasonal contamination occurs frequently (unpublished data). The use of the long-term elevated 27-kDa marker is appropriate for this situation.
The study may also be subject to selection bias since a convenience sample of volunteers was recruited into the study. Volunteers often differ from the sampling population in underlying characteristics related to the exposure and outcome. Although we recruited most study participants by 'cold calling' lists of telephone numbers in the study areas, rather than from flyers and newspaper advertisements, the possibility of a biased sample still exists. For example, potential participants who were worried about the quality of their well water or who wanted their water tested because they thought it might be contaminated might have been more likely to volunteer for this study. It is not clear how this may affect the estimates of the odds ratio. Recall bias may be an issue since past history of illness and risk factors for cryptosporidiosis were collected using a questionnaire. However, this type of information is usually easily remembered and identified.
CONCLUSIONS
This study, together with one prior study, suggests that the presence of onsite wastewater systems and private wells might be associated with an increased risk of Cryptosporidium infection. If a relatively large parasite can be transmitted from inadequately treated sewage from an onsite wastewater system to a private well, then other smaller enteric pathogens may also be transmitted. Borchardt is some evidence to suggest that there may be a potential for increasing risk of enteric disease illness as more households in the USA use onsite wastewater systems and private wells and the density of these systems increases.
Since the economic cost of installing an onsite wastewater system is a relatively high one-time expense, it may be beneficial to better understand the efficacy of these systems to insure that the systems are properly designed and maintained to minimize adverse health effects from groundwater contamination. This is an emerging public health problem that requires additional studies to identify the environmental, behavioral, and health factors associated with increasing the risk of enteric illnesses from onsite wastewater systems and private wells. 
